Abstract-This paper studies non-Lambertian scattering and its impacts on the optical properties and device performance of the ultrathin GaAs single-junction solar cell with a reflective back scattering layer. The Phong distribution is used to quantify the scattering effectiveness of the textured back surface, as well as its impacts on device absorptance, emittance, photon extraction and recycling factor, short-circuit current density (J sc ), external quantum efficiency (EQE), and power conversion efficiency. Both a general GaAs cell design and the ultrathin cell design are carefully investigated. A Phong exponent m of ∼12 is determined by fitting both simulated J sc and EQE to their experimental values, with a more accurate averaged reflectivity of the textured Al 0 .52 In 0 .48 P/Au interface taken into account. Additionally, the measured open-circuit voltage (V o c ) is lower than the best achievable value due to the nonradiative recombination in the device, and a limited lifetime of ∼130 ns is determined by fitting the simulated and measured V o c ; a specific series resistivity of 1.2 Ω·cm 2 is determined to account for the 77.8% fill factor.
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I. INTRODUCTION
G aAs is one of the most promising materials for achieving solar cell efficiencies close to the Shockley-Queisser limit [1] - [3] . For years, researchers have reported various approaches to achieve this limit such as highly reflective mirrors and light trapping through surface texturing [4] - [12] . Recently, our group has demonstrated a GaAs single-junction solar cell with a 300-nm-thick absorber in conjunction with reflective back scattering that achieved a peak efficiency of 19.1% [13] , [14] . Other experimental approaches including high-quality GaAs absorbers with back mirror and nanostructured AlGaAs window layers have also been reported recently [9] , [15] .
The essence of the ultrathin design requires sufficient light absorption ensured by Lambertian scattering. However, Lambertian scattering is a theoretical limit that is difficult to achieve experimentally, and any scattering that deviates from Lambertian will reduce the total optical thickness and result in insufficient photon absorption in the ultrathin absorber. Hence, it is important to quantify the effectiveness of the light scattering at textured surfaces so that better design guidance, such as the desirable absorber thickness, can be provided to ultrathin film solar cells for achieving optimal efficiency. Here, we use the semianalytical model [4] , [5] and the Phong distribution [16] to study the impacts of non-Lambertian scattering on the optical properties and device performance of GaAs single-junction solar cells with reflective back scattering. We also thoroughly analyzed the nonidealities of our demonstrated 300-nm GaAs solar cell, including nonunity reflectivity of the Au mirror, nonLambertian back scattering, nonradiative recombination, and series resistance and investigated their impacts on the performance of the device. This paper is an extended work based on the one presented at the 40th IEEE Photovoltaic Specialist Conference [17] . It includes detailed theoretical analysis of the impacts of nonLambertian scattering on both the optical properties and device performance of GaAs single-junction solar cells, which is beyond the scope of the conference proceeding paper.
II. SEMIANALYTICAL MODELING OF GaAs SOLAR CELLS WITH NON-LAMBERTIAN BACK SCATTERING
In this section, the impacts of non-Lambertian scattering on optical properties and device performance of GaAs singlejunction solar cells with reflective back scattering are quantitatively evaluated using the semianalytical model and the Phong distribution. The semianalytical model, which is based on the detailed-balance model, assumes non-step-like absorptance and emittance with below-bandgap tail absorption and includes nonradiative recombination. The Phong distribution applied here gives the analytical expressions for the non-Lambertian scattering simulation, which is different than the numerical approach that uses Monte Carlo method [12] . It is assumed that the angular light intensity is proportional to cos m (θ), where θ is the angle between the scattered light and the surface normal, and m is the Phong exponent. Note here that m = 1 corresponds to the Lambertian distribution, and higher values of m result in narrower angular intensity distributions, which are expected results for smoother surfaces. Thus, the m value is the figure of merit of the scattering effectiveness for a certain textured surface.
The absorber structure used in the simulation is shown in Fig. 1 , in which the front surface is smooth and with an ideal 2156-3381 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. antireflection (AR) coating where reflectance is equal to zero, and the back surface is textured and coated with an ideal reflective mirror with unity reflectivity. The textured surface can scatter light into different orders of Phong distributions represented by different Phong components, depending on the roughness of the surface.
A. Optical Properties of the GaAs Absorber
Statistical ray tracing is used to derive the absorptance and emittance of the structure and calculate the optical properties, assuming Phong scattering events at the textured back surface. Note here that the front surface reflection is assumed to be zero and the back mirror reflection is assumed to be unity. The following equation shows the wavelength-dependent absorptance A E of the absorber, in which α is the absorption coefficient of GaAs, and d is the absorber thickness:
Here, t E 1 and t E 2 are the fraction of transmitted light in a single pass through the cell and are calculated using
Here, θ is the angle between the scattered light and the surface normal, and θ c is the critical angle of total internal reflection from semiconductor to air at the interface. t E 1 is for the fraction of light within the escape cone (0 < θ < θ c ) that gets extracted through the front surface, while t E 2 is for the rest of the light (θ c < θ < π/2) that is totally reflected back into the semiconductor and reaches the back surface for another scattering event. Correspondingly, the term αd cosθ is the optical ray length for the fraction of light within the escape cone, and the term 2αd cosθ is for the rest of the light that goes through total reflection. The light pass is incremented each time as the photons reach the back surface where a scattering event happens. The Phong distribution is applied so that the fraction of light intensity distributed in solid angle sinθ · dθ is cos m θ. The integration is multiplied by a factor of "2" to include all the solid angles and normalized by the term t that represents the total amount of scattered light, as calculated in
Equation (1) can then be obtained through the following derivations: The fraction of light absorbed in the first light pass (from front to back) is
Note that for the first light pass, no scattering event happens. The fraction of light absorbed in the second light pass (from back to front to back) can be expressed as
Similarly, the fraction of light absorbed in the ith light pass can be written as
Hence, the absorptance can be calculated by summing up all the components listed above:
By assuming that emittance equals absorptance at equilibrium, the emittance of the absorber can be obtained from the absorptance in the equilibrium case where the background radiation is incident at all angles. The front surface emittance of the studied structure is expressed as
where t E 1 and t E 2 are explained as above, and t E 3 is the fraction of transmitted light in the first pass from the front surface to the back surface of the absorber:
where n r is the refractive index of GaAs. Equation (6) is obtained via the same derivation as (1). The effective absorptance can be obtained by integrating the wavelength-dependent absorptance over the GaAs absorbing portion of the AM 1.5G solar spectrum
where E g and E u are the bandgap and Urbach tail of GaAs, respectively, and n sun is the photon flux of the AM 1.5G solar spectrum. Fig. 2(a) shows the effective absorptance as a function of absorber thickness for different orders of Phong distributions (different m values). It indicates that a stronger absorbing capability can be achieved with a wider scattering distribution (represented by a smaller m value), especially when the absorber is thin (below 1 μm). This trend is more clearly illustrated in Fig. 2(b) , where the effective absorptance is plotted against the m value for several absorber thicknesses. There is a dramatic reduction in absorptance as the m value increases from 1 to 40 for the 100-nm absorber, while the magnitude of the subsequent reductions diminishes as the absorber becomes thicker, and eventually, the absorptance of the 2-μm absorber remains close to unity regardless of the m value. It, therefore, indicates the necessity of sufficient light trapping only in the case of an ultrathin solar cell that has a thickness on the order of a few hundred nanometers. The effective emittance can be calculated by normalizing the wavelength-dependent emittance against the spontaneous emission spectrum of the absorber material and is plotted against absorber thickness in Fig. 3 . It follows a similar trend to effective absorptance as a natural result of detailed balance. The larger effective emittance for the case with a smaller m value at certain absorber thickness indicates a stronger light extraction for a rougher back surface. Moreover, the photon extraction factor γ e , which is defined as the fraction of spontaneously emitted photons that are extracted out of the absorber into the air, can be calculated using the following equation [5] :
where ε is the surface effective emittance, and α g and n g are the average absorption coefficient and refractive index of the spontaneous emission spectrum. The photon recycling factor, γ r , defined as the fraction of spontaneously emitted photons that are reabsorbed by the absorber, is calculated using (10) under the assumption that parasitic absorption can be neglected. Note that the photon extraction factor of the back surface is zero for the studied structure due to the highly reflective mirror Fig. 4(a) shows the front surface photon extraction factor versus absorber thickness for the studied structure. It is obvious that the extraction factor is larger for thinner absorbers and smaller for thicker absorbers due to the photon recycling effect, and the extraction factor will reach the value of zero for an infinitely thick absorber. The photon recycling factor as a function of absorber thickness is shown in Fig. 4(b) , where reverse trends are observed.
The large difference in the extraction factors, as well as the photon recycling factors, for different orders of Phong distributions (different m values) at thinner absorber thicknesses can be explained by the following comparison. Consider two slab absorbers: One has a smooth back mirror, while the other has a textured back mirror that can scatter light into a Lambertian distribution. Both absorbers have the same thickness that is below 300 nm, and both mirrors are ideal with a reflectivity of unity. The spontaneously emitted photons can be reflected between the two surfaces before finally being extracted or reabsorbed. Hence, for the textured absorber, every time the photons reach the back surface where a scattering event happens, they are redistributed into a Lambertian distribution, and those photons within the escape cone will be extracted if they reach the front surface afterwards. For the slab absorber with smooth surfaces, however, the spontaneously emitted photons outside the escape cone will never be redistributed into the escape cone and extracted into the air before they are reabsorbed. The extraction factor of the textured surface is, therefore, larger than that of the smooth surface due to a larger total amount of escaped photons.
It worth mentioning that the ray optics applied in the model may not apply to subwavelength range, or to be specifically, when the thickness of the absorber is on the order of a few hundred nanometers. However, the discussion above is still correct with regard to the device structure described in Section III, where a 5-μm transparent scattering layer is beneath the ultrathin absorber. Therefore, the light path is far beyond the wavelength range, and the ray optics is valid.
B. Device Performance of GaAs Single-Junction Solar Cell
This section shows the device performance of a GaAs singlejunction solar cell with reflective back scattering calculated using the semianalytical model. Detailed equations and derivations employed in this model can be found in [5] . The simulation assumes a typical Shockley-Read-Hall (SRH) recombination lifetime and an Auger recombination coefficient from a published data source [18] . The power conversion efficiency versus absorber thickness plots for different orders of Phong distributions (different m values) are shown in Fig. 5(a) . The optimal absorber thicknesses shown in the plots are attributed to the tradeoff between maximizing the absorption and minimizing the nonradiative recombination. It is noticed that as the surface becomes rougher (m value decreases), a higher "maximum efficiency" can be achieved with a thinner absorber due to the enhanced light trapping capability. The optimal thickness increases as the surface becomes smoother (m value increases) because a thicker absorber is necessary to guarantee sufficient absorption of solar radiation. The convergence of all the curves beyond a thickness of 2 μm indicates that no light scattering is necessary for very thick absorbers. Fig. 5(b) shows the power conversion efficiency versus m value for absorbers with various thicknesses. It is clear that the thinner absorbers are more sensitive to the scattering effectiveness than the thicker ones: The efficiency drops from ∼30% to ∼20% as the m value increases from 1 to 25 for the 100-nm absorber, while that of the 2-μm absorber remains ∼28%, regardless of the variation of the m value. This figure also provides the design guidance of the absorber thickness based on the scattering effectiveness of the textured surface. A thinner absorber is more beneficial when the scattering is closer to Lambertian, while a thicker absorber would be required to achieve sufficient absorption in the case of poor scattering effectiveness. It should be noted that the open-circuit voltage (V oc ) is much less dependent on the scattering effectiveness of the textured surface than the short-circuit current density (J sc ), although strong scattering can enhance the photon density greatly and thus the V oc . However, the SRH recombination, instead of radiative recombination, dominates the total recombination under normal solar cell operating conditions, and the variation of the Phong distribution does not change the total recombination greatly.
III. ANALYSIS OF NONIDEALITIES IN 300-NM GaAs SINGLE-JUNCTION SOLAR CELLS WITH REFLECTIVE BACK SCATTERING
The detailed device layer structure of the recently demonstrated ultrathin GaAs single-junction solar cell with reflective back scattering is shown in Fig. 6 , which features a GaAs absorber with a thickness of 300 nm, a textured Al 0.52 In 0.48 P layer for back scattering, and a highly reflective Au mirror. This structure can potentially reach a high V oc as a result of a larger equivalent internal electric field that improves carrier extraction and reduced SRH recombination in the ultrathin absorber, while maintaining sufficient absorption of solar radiation through effective light trapping. The detailed design and fabrication process can be found in [13] and [14] .
The measured performance of the fabricated device, in comparison with the best achievable performance, is summarized in Table I . The device is measured with a J sc of 24.5 mA/cm 2 , a V oc of 1.00 V, a fill factor (FF) of 77.8%, and a power conversion efficiency of 19.1%. The predicted best achievable performance is modeled based on the assumptions of Lambertian scattering on the backside of the cell, a back mirror with 100% reflectivity, an AR coating with 2% reflectance, a 2% top contact grid coverage, the best material quality with the longest published minority carrier lifetime, and no series resistance or shunt.
The measured device performance, including J sc , V oc , and FF, is noticeably smaller than the predicted best achievable values. The lower measured J sc is attributed to the nonunity reflectivity of the Au mirror and the non-Lambertian scattering in the actual device, in addition to the 3.8% AR coating reflection loss and 9.7% contact grid coverage. The former two factors are carefully examined by using the method discussed above. Additionally, the smaller V oc and FF are attributed to nonradiative recombination and series resistance, which will be discussed in the last part of this section.
A. Nonunity Reflectivity at Al 0.52 In 0.48 P/Au Interface
The reflectivity of a textured mirror is different from that of a smooth one, and the reflectivity of the semiconductor/Au interface is different from that of the air/Au interface, both of which may affect the light trapping property. Thus, it is important to use an averaged angle-independent reflectivity of the textured Au mirror attached to the Al 0.52 In 0.48 P scattering layer to model the properties of the studied device. The angular reflectivity of Al 0.52 In 0.48 P/Au interface is calculated by using Fresnel equation and the complex refractive indexes of Al 0.52 In 0.48 P and Au [19] , [20] , which is then averaged against the Phong distributions to get the average angle-independent reflectivity:
where R m is the averaged reflectivity of the textured Au mirror with an mth-order Phong distribution, R(θ) is the angledependent reflectivity, θ is the angle between surface normal and reflected beam, and m is the Phong exponent. The reflectivity spectra for various Phong distributions are shown in Fig. 7 , which indicates a larger reflectivity for a rougher surface that can scatter more light into large angles. However, the difference becomes smaller in the wavelength range beyond 600 nm and even negligible near the GaAs absorption edge and, thus, will not affect the absorption of the 300-nm absorber greatly. The relatively large difference in the wavelength range below 600 nm will also have negligible impact on the absorption property as these photons have absorption depths much shorter than 300 nm and, thus, will be mostly absorbed before they reach the back surface. Furthermore, the reflectivities of the textured Al 0.52 In 0.48 P/Au and the air/Au interfaces are compared in Fig. 8 , where assumption of Lambertian scattering is applied. The averaged reflectivity of the Al 0.52 In 0.48 P/Au interface at the GaAs absorption edge is calculated to be 95%, while that of the air/Au interface is 98%. The lower reflectivity of the Al 0.52 In 0.48 P/Au interface is due to the larger refractive index of Al 0.52 In 0.48 P compared with air and, thus, will result in increased photon absorption loss in the mirror.
B. Non-Lambertian Scattering at the Back Surface
The non-Lambertian back scattering that deviates from Lambertian can be described by using the Phong distribution, as discussed above. In this section, the absorptance and J sc of the 300-nm GaAs solar cell are simulated with the following factors considered: 1) the experimentally measured reflectance of the AR coating; 2) the real device structure that consists of a 300-nm-GaAs absorber and 5000-nm-Al 0.52 In 0.48 P scattering layer; 3) the mth-order Phong distribution; and 4) the textured Au/AlInP mirror reflectivity that corresponds to the mth-order Phong distribution. The absorptance and J sc can then be calculated by using an equation modified from (1) . Note that the parasitic absorption loss in the Ga 0.51 In 0.49 P window layer is ignored at this stage for the following reasons: 1) The thickness of the layer is relatively thin (30 nm) compared with that of the GaAs absorber and Al 0.52 In 0.48 P scattering layer, and 2) the depletion region of the GaAs p-n junction might extend into the window layer and will help to collect the photogenerated carriers in it. It is shown in Fig. 9 that J sc decreases from ∼27 to ∼23 mA/cm 2 as the m value increases from 1 to 40, which represents that the scattering gradually deviates from the Lambertian distribution. The m value of the Phong distribution in the device is determined to be 12 by fitting the modeled J sc to the experimental results.
The impact of non-Lambertian scattering on the external quantum efficiency (EQE) of the device is shown in Fig. 10 . Only the wavelength range from 600 nm to the GaAs absorption edge is considered here as the photons with higher energy will be mostly absorbed during their first light pass through the absorber. The solid curves represent the simulated EQE spectra, with the measured AR coating reflectance and the calculated textured Al 0.52 In 0.48 P/Au interface reflectivity considered. The near-IR response decreases as the Phong exponent m increases, indicating a reduced light trapping and, thus, absorption due to the narrower scattering distribution. The measured EQE spectrum is plotted as a dashed line in the figure. By comparing the near IR part of the simulated and measured EQE, the Phong exponent m is also determined to be ∼10-15, which is in good agreement with the fitting discussed above. The absence of interface fringes in the measured EQE spectrum indicates that the analysis using ray optics is valid.
C. Nonradiative Recombination and Series Resistance
Table I also shows deviations of experimental V oc and FF measurements from the modeled best achievable values. The factors that will affect the V oc of a GaAs solar cell include cell geometry, material quality, and surface/interface quality. A substantial nonradiative recombination in the bulk and at the surface/interface can dramatically reduce the V oc . Fig. 11 shows the plot of V oc versus nonradiative recombination lifetime for the studied structure. Note this recombination is an average effect of both SRH and surface/interface recombination. The plot clearly shows that V oc increases rapidly in the region where nonradiative recombination lifetime is below 100 ns and gradually saturates at its theoretical limit when the lifetime reaches infinity. The gray dot shows where the simulated and experimental V oc overlap and indicates a nonradiative recombination lifetime of ∼130 ns in the studied device.
The impact of series resistance on the I-V characteristics of the solar cell is studied using the single diode equivalent circuit model. It is found that the FF decreases linearly with the specific series resistivity increasing, as shown by the plot in Fig. 12 . By fitting the experimental FF of 77.8%, the specific series resistivity of the device is determined to be 1.2 Ω·cm 2 (gray dot in the figure).
IV. CONCLUSION
A semianalytical model and Phong distribution have been used to explore the impacts of non-Lambertian scattering on the optical properties and device performance of GaAs singlejunction solar cells. The absorptance is strongly enhanced with a scattering closer to the Lambertian case compared with a higher order of Phong distribution at an absorber thickness below 1 μm. It also indicates that the thinner the absorber is, the more dependent the absorptance is on the scattering effectiveness of the textured surface. The modeling results also show stronger light extraction with rougher surfaces (smaller m values), especially for thinner absorbers, which therefore have smaller photon recycling factors compared with absorbers with smoother surfaces. The optimal thickness of the device shifts to larger values and the maximum efficiency drops as the surface becomes smoother (larger m values). The efficiency of a thinner cell is found to be more dependent on the scattering effectiveness, which results from the dependence of J sc ; however, the V oc remains almost constant for different orders of Phong distributions due to the domination of nonradiative recombination under a normal 1-sun condition.
The device performance of the 300-nm GaAs single-junction solar cell is analyzed using the theory. Calculations show a reduced averaged reflectivity of 95% for the Al 0.52 In 0.48 P/Au interface near the GaAs absorption edge for the Lambertian scattering case, compared with the value of 98% for the air/Au interface. The Phong exponent of the non-Lambertian scattering at the back surface is determined to be ∼12 by fitting both the simulated J sc and EQE to experimental values. A nonradiative recombination lifetime of ∼130 ns, and a specific series resistivity of 1.2 Ω·cm 2 are determined by fitting the simulated and measured V oc and FF, respectively. The efficiency of the ultrathin GaAs single-junction solar cell can be further improved by enhancing the reflective back scattering layer using dielectric material, reducing nonradiative recombination using material with better quality or a compositional gradient window layer, and improving the current spreading in the device.
